Abstract: Acrylic acid (AA) was grafted firstly onto high density polyethylene (HDPE) by in-situ chlorinating graft copolymerization (ISCGC), so a graft copolymer composed of chlorinated polyethylene (CPE) as backbone and poly (acrylic acid) (PAA) as branched chains was synthesized. And subsequently the preparation of its carboxylated ionmers was studied. This work was focused on discussing the reaction process for grafting AA onto HDPE by ISCGC and the preparing of carboxylated ionmers of CPE. In this paper, the structure of graft copolymer and the ionomer were characterized mainly by FT-IR, gel permeation chromatography (GPC) and graft degree (GD). The influence factors which related to the main and side reactions, including the monomer concentration, chlorine contents of the product, and reaction temperature were investigated. Additionally, effects of these factors on reaction process controlling were described. The aim of above is to investigate how CPE-cg-PAA and its sodium-salt ionomer were prepared.
Introduction
Chlorinated polyethylene (CPE) is a synthetic material with excellent overall properties and wide application. CPE is often modified by physical or chemical methods in order to extend its application or obtain polymers for specific use.
Graft is one of the basic modification methods to modify CPE, which can introduce polar groups to overcome its shortage in properties and endow new performances by the polarity and reactivity of these introduced polar groups. Graft methods of CPE mainly include solution graft, [1] suspension graft in water, [2] and mechanochemisry graft method etc [3] [4] . Meanwhile, solid-state graft method is often used to modify polyolefin but less used in graft of CPE. The graft process by solid-state reaction can be carried out at relatively low temperature and normal pressure without solvent, which is environment friendly and low power consumption. Consequently, supercritical carbon dioxide (scCO 2 ) was used as the swelling agent for carrying out the grafting of maleic anhydride (MAH) onto polypropylene (PP) in the solid state. [5] The scCO 2 with a proper density could swell and plasticize polymer matrixes, and thus it could improve the diffusion of the monomer into the polymer. Hereby, the pressure of the scCO 2 is a crucial parameter capable of regulating and controlling the grafted maleic anhydride content of grafted copolymer (PP-g-MAH) in this process.
If the graft copolymer contains acid groups, an ionomer can be formed by the acid groups neutralized with a cation to improve the properties of the polymer. To form an ionomer from a polymer containing acid groups, part or all of the acid groups on the graft copolymer are neutralized with a cation. These species form ion pairs which will then phase separate into nanometer-size aggregates. [6] There are many kinds of ionomer including carboxylated type, sulfonic acid type and phosphonated type etc., thereinto, carboxylated type ionomer is studied widely [6] [7] [8] .
In this paper, acrylic acid (AA) as monomer was grafted onto CPE backbone by solidstate graft. In the process, chlorine was used as free radical initiator and high density polyethylene (HDPE) was used as polymer matrix. HDPE was chlorinated as well as grafted, so in fact, the polymer backbone of the final product in this paper is chlorinated polyethylene (CPE), so the process is called in situ chlorinating graft copolymerization (ISCGC). [9] [10] [11] The properties of the obtained material will be varied with the chlorine content of the polymer backbone. That is the process in which HDPE was grafted and chlorinated at the same time and chlorination and carboxyl functionalization of HDPE were completed by one-step reaction. This paper focuses on discussing the reaction process of grafting AA onto PE forming the graft copolymer with CPE as polymer backbone by ISCGC. For purpose of brevity, the obtained graft copolymer is denoted as CPE-cg-AA. The relation between graft degree of the product and influence factors, including the distribution of monomer in polymer matrix, the monomer concentration, chlorine content of the product, and reaction temperature, were investigated for the purpose of controlling the reaction process.
Results and discussion

Confirmation of the grafting product
Chlorinated polyethylene grafted with acrylic acid (CPE-cg-AA) can be obtained by the ISCGC of AA and PE when the chlorine contents of the product reached around 35 wt %. FTIR spectra of CPE and purified CPE-cg-AA are shown in Figure 1 . It is found that the FTIR spectrum of CPE-cg-AA is essentially different from that of CPE by comparing the spectra of the two polymers in Figure1. For CPE-cg-AA, it has the obvious characteristic absorption band at 1746 cm -1 attributed to stretching vibration of group carbonyl (C=O). The absorption of stretching vibration of group carbonyl (C=O) in CPE-cg-AA is shifted into higher wave number compared with that of the pure PAA which is located 1702 cm -1 . That might be attributed to the negative inductive effect of chlorine atom located in the graft copolymer backbone. In addition, both FTIR spectrum of CPE-cg-AA and CPE have weak absorption peaks at 600.5 cm -1 and 660.0 cm -1 attributed to stretching vibration of C-Cl. It is indicated that AA has been grafted onto the CPE backbone when the PE was chlorinated.
It is thought that chlorinating and grafting of polymer occur simultaneously; therefore, structure of the product is complex because both polymer backbone and graft side chain could be chlorinated unselectively. That is, the graft side chain of the graft copolymer is chlorinated in the following reaction, as a result, graft side chain contain chlorine atoms. It is confirmed by characterizing the structure of polyacrylic acid (PAA) separated from the graft system. FTIR spectrum of PAA is shown in Figure 2 . The spectrum shows not only the characteristic absorption band of the carboxyl group at 1731 cm -1 but also an absorption band at 680 cm -1 attributed to C-Cl stretching vibration. The above analysis indicates that PAA was chlorinated during homopolymerization. Based on the assumption that the structure of graft side chain of graft copolymer is very similar with that of PAA separated from the grafting system, it is concluded that the graft side chain contains Cl groups also.
The molecular weight (M n , M w ) of purified product is determined by GPC, and the corresponding results are shown in Table 1 and Figure 3 .
Tab. 1. GPC of CPE and CPE-cg-AA.
The number-average molecular weight (M n ) and the polydispersity index (M w /M n ) of CPE-cg-AA are very closely with that of CPE. This indicates that neither crosslinking nor degradation structure happened in ISCGC. Gel percentage of the product is further measured to make sure whether crosslinking reaction happened ( As shown in Table 2 , it can be seen that the gel percentage of CPE and CPE-cg-AA is low, even the graft polymer has a lower gel percentage than that of CPE. Consequently, it can be concluded that there is no cross-linking indeed happening in the process of ISCGC. In other words, there is no coupling reaction between macromolecules in the process. The polydispersity index of the graft copolymer does not change greatly due to short graft chain formed in the ISCGC [10] .
Influence of the monomer concentration on GD
The monomer concentration could affect competitive reactions including the grafting and homopolymerization of the monomer. The increasing in monomer concentration makes the competition of these two reactions more intense. The main competitive reactions during ISCGC are depicted in Figure 4 .
The relation between the AA concentration and graft degree (GD) as well as graft efficiency (GE) of copolymer is presented in Table 3 . According to results listed in Table 3 , it indicates that GD of the copolymer reaching to a maximum value when the AA concentration is 8 %( V/Wt, %). GE presents the same trend as GD and the maximum value of GE appears between 4 % and 8 % of AA. Monomers available to react with macro-radicals or monomer homopolymerization would increase with increasing AA concentration. However, when the concentration of monomer reaches to a certain amount, monomer molecules will agglomerate and make a poor dispersion, as a result, the concentration of the monomer will increase evidently in localized area, which made homopolymerization of the monomer predominate over the grafting reaction, thus the graft degree decreased. So it presents the above trend of GD with increasing monomer concentration, which is given in Table 3 . In conclusion, it is better for the grafting reaction is carried out when AA concentration range from 4 % and 8 %.
Influence of chlorinating degree of the product on GD
As the initiator, chlorine cannot only initiate grafting reaction but also substitute hydrogen on the polymer backbone to form chlorinated polyethylene in the reaction. Hereby, chlorine content is an important factor to influence the main reactions. The following study is made to investigate the influence of chlorine content on main reactions and side reactions. The results are shown in Figure 5 at a fixed monomer concentration and a fixed reaction temperature. Figure 5 shows GD and GE of copolymer increased with increase of chlorine degree before chlorine content reaches to 35 % (wt %) and decreased slightly when chlorine content is more than 35 % (wt %). It might be ascribed to the following reasons. Firstly, the polarity of polymer backbone will increase with increase of the chlorine degree. Secondly, there are plenty of reaction active points on polyethylene chains during the initial stage of the reaction and the active points are easy to react with chlorine to form macro-radicals. Thirdly, there need for long reaction time in order to obtain copolymer with high chlorine result in an increasing in the possibility of grafting of the monomers onto polymer backbone. Those above are in favor of the grafting of the monomers onto the polymer and make GD of copolymer increase gradually. Because of the steric effect of prior grafted side chains and the shortage of active points, the grafting of the monomers gradually become difficult or impossible later with reaction progressing. However, chlorinating reaction polymer is still very active. The decrease of GD due to the weight increase of final copolymer that caused by chlorination but a little increase with the monomers grafted onto the polymers. In the post-reaction a large of monomers undergoing homopolymerization make the GE of monomers decrease.
Influence of reaction temperature on GD
The controlling of temperature is an effective method to augment the grafting reactions since it is prone to undergo grafting at higher temperature but addition reaction of chlorine at lower temperature. So increasing temperature is in favor of graft reaction. In this part, controlling of reaction is investigated by varying reaction temperature. Fig. 6 . Influence of reaction temperature on GD and GE of CPE-cg-AA.
The reaction temperature is controlled by the two-stage temperature at a fixed monomer concentration and fixed chlorine content. The reaction is kept around 80-90 o C until the chlorine contents reach to 17 %±0.5 (wt %) then the temperature is raised to a certain value and kept to the end of reactions. The effect of the second stage temperature on graft degree is studied.
As it can be seen in Figure 6 , the increment of temperature is advantageous to the enhancement of GD and GE of CPE-cg-AA. That is because increasing the reaction temperature not only enhances reaction activity of macromolecule chains and monomer, but also accelerates their diffusion in the free radical graft reaction. Therefore, GD of the polymer increases gradually, but GD declined after the temperature is higher than 130 °C in this experiment. Decomposition speed of Cl 2 is quicker when the temperature is higher, and simultaneously the free radical termination reaction is also intensified. Furthermore, the monomer will evaporate and be taken away from the reaction system by the chlorine or HCl when the reaction temperature is close to the boiling point of the monomer, which will thus decrease GD of the polymer. The trend of variation in GE of graft copolymer with the change in reaction temperature is consistent with that of GD of the polymer.
Formation of CPE sodium-salt ionomer
CPE-cg-AA is composed of CPE as backbone and polyacrylic acid (PAA) as graft side chain can be neutralized with sodium hydroxide to synthesize the CPE sodiumsalt ionomer (CPE-ionomer). The process is as shown in Figure 7 . , which is corresponding to ionic cluster for CPE-ionomer is neutralized by sodium hydroxide. It is confirmed that CPE-ionomer is formed by neutralizing of CPE-cg-AA. Figure 9 show DSC heating curves of CPE-cg-AA and CPE-ionomoer respectively. The glass transition temperature (T g ) and peak melting temperature (T m ) of CPE-cg-AA are -12. T g and T m of CPE-ionomer are a slightly higher than those of CPE-cg-AA because the formation of ionic cluster leads to production of a physical crosslinked point in molecular chains and enhancing the macromolecular interaction resulting in segmental motion inactive. It further confirms formation of CPE-ionomer.
DSC analyses of CPE-ionomer
Fig. 9. DSC curves of CPE-cg-AA (1) and CPE ionomer (2).
Thermo Gravity Analyses of CPE-ionomer
In this study, TGA is employed to investigate the thermal stability of the CPE-cg-AA and CPE-ionomer. . From the whole curve of TGA, the decomposition temperatures for CPE-ionomer are always higher than that of CPE-cg-AA. This shows that the thermal stability is improved when the CPE-ionomer are obtained, and also shows that acrylic acid plays a certain role in promoting dehydrochlorination.
Mechanical properties of CPE-ionomer
The stress-strain curves of CPE, CPE-cg-AA and CPE-ionomer are shown in the Figure 11 . It can be seen that the tensile behaviors of the three kinds of polymers are different. As can be seen from the figure, CPE-cg-AA shows a typical tensile behavior of rubber, i.e. strain is greatly developed under the no significant increase of the stress and there is a sharp rise in stress until polymer sample broken. The stress of CPE-ionomer that is prepared from the CPE-cg-AA is increased gradually with the strain until the sample broken. The slope of the initial part of the curve shows that the modulus of CPE-ionomer is significantly higher than that of CPE-cg-AA. The tensile behavior of CPE-ionomer is between that of rubber and plastic. The mechanical properties of CPE, CPE-cg-AA and Na-ionomer are given in Table 4 . As can be seen from Table 4 , the mechanical performance of CPE-ionomer is significantly increased compared with that of CPE and CPE-cg-AA. The tensile strength of CPE (chlorine content: 36.0 %) is only 9.43 MPa, the tensile strength of CPE-cg-AA with similar chlorine content is 14.6 MPa, but the tensile strength of CPEionomer is up to 18.5 MPa. The tensile strength of polymer primarily depends on the chemical bond strength of the main chain and the effect of secondary bond between molecules. Part or all of the copolymers acid groups are neutralized with a cation with the addition of alkali. These species forming ion pairs which will then phase separate into nanometer-size aggregates. These aggregates impart remarkable properties to ionomers including tensile strength and hardness etc. Though GD of CPE-cg-AA is only about 1 wt%, it is shows that high polar AA monomer could be grafted easily onto CPE by ISCGC and the properties of its ionomers are improved evidently. Conclusions CPE-cg-AA could be prepared by ISCGC. Influence factors on GD include the concentration of the monomer, chlorinating degree of the product and reaction temperature. The reaction could be controlled well by a two-stage temperature during reaction.
Tab. 4. Comparison of CPE, CPE-cg-
CPE-cg-AA is composed of CPE as backbone and polyacrylic acid (PAA) as graft side chain can be neutralized with sodium hydroxide to synthesize CPE-ionomer. Compared with CPE-cg-AA the thermal property of CPE-ionomer is improved. The mechanical performance of CPE-ionomer is significantly increased compared with that of CPE and CPE-cg-AA.
Experimental part
Materials HDPE (LG6040) was supplied by LG Chem., Korea. Acrylic acid (AA) was supplied by Bodi Chemical Ltd., Tianjin, China. Chlorine was supplied by Hygain Chemical Group co., Ltd, Shandong, China. Silicon dioxide was a commercial grade supplied by Qingdao Sodium Silicate Ltd., China. Xylene and methanol are analytically pure and supplied by Tianjin Guangcheng chemical reagent Ltd., China. Dioctyl phthalate (DOP) was industrial grade.
Synthesis of CPE-cg-AA
A round-bottom three-necked flask equipped with a vane stirrer, thermometer and gas deliver, which was charged with varied amounts of AA and HDPE powder, and the mixtures in the flask are stirred to make AA monomers dispersing well in PE matrix. Then isolator (silicon dioxide, 10 phr) was added to avoid the polymer particle agglomeration. The system was degassed by chlorine (Cl 2 ) at 35-40 o C for 15 min to eliminate the oxygen (O 2 ). Then the reaction would be initiated with rising of the temperature. The reaction process was indicated by the amount of hydrogen chloride (HCl) released from the reaction system. The reaction temperature was elevated as the reaction proceeded and was under 110 o C before HCl achieved 5 g (the chlorine content about reached 17 %), and then at 136 ± 2 o C through the reaction process and it was adopted except discussing the effect of the temperature on the structure of graft copolymer. When the desired chlorine content was reached, the chlorine was stopped and the reaction was terminated. The system was cooled down to below 100 o C. The residual chlorine in the reactor was drawn out by vacuum pumping and the flask was evacuated and backfilled with atmosphere three times to completely clear the residual chlorine. CPE was prepared by the same procedure without the monomer.
Synthesis of carboxylated ionomer
The graft copolymer was neutralized with sodium hydroxide to synthesize the carboxylated ionomer. The procedure was illustrated as follows. Firstly, a known quantity sodium hydroxide was added into a beaker, then 2 mL DOP was dropped into the solution and stirred continuously; secondly, CPE-cg-AA was added to mix it with the sodium hydroxide solution and DOP and the mixture was stirred continuously for about 5 min; finally, the above products were plasticization with a mixing roller at Degrees of neutralization (ND) were stimated by measuring the content of remaining acid in the polymer via a titration method, and it was calculated by the following equation:
Where the N (mol/L) is the concentration of KOH/CH 3 OH, V (L) is the consumption of KOH/CH 3 OH solution for the copolymer, M (mol) is the amount of acrylic acid that was added in the graft reactive system.
Purification of crude products
-The separation of the graft copolymer
The crude products were purified by reprecipitation as follows: at first the crude products were dissolved fully in the hot xylene. After that, the graft copolymer was precipitated by excess amount of methanol and the obtained precipitate was filtered and dried in an oven. The above step was repeated three times and the final product was dried in a vacuum oven at 50-60 °C to constant weight.
-The separation of the AA homopolymer
The filtrate obtained by the above steps was distilled by rotatory evaporator to remove most of the solvent. Subsequently, the mixture of acetone and cyclohexane, with a volume ratio of 1:1, was poured into the flask to dissolve residual monomer that remained in the filtrate. However, the AA homopolymer cannot dissolve in the acetone/cyclohexane solution and mixture would be layered. The lowest layer is the AA homopolymer, subsequently, collecting the lowest layer solution. The last solution obtained was further distilled by rotatory evaporator to remove the residue solvents. The procedure was repeated for three times. Finally, the trace solution was dried in a vacuum oven at 50 °C to constant weight. Pure AA homopolymer was obtained for further characterization.
-The separation of the ionomer
The separating of the ionomer was the same as that of the graft copolymers.
Graft degree (GD)
Certain amount of the purified graft sample was dissolved in the xylene. Phenolphthalein was added as an indicator, and then the solution was titrated with sodium hydroxide/methanol solution to neutralize the grafted AA until the solution turned to red and would not fade at least 30 sec. GD was calculated as follows:
where m is the weight (g) of purified grafted samples; M AA is the molar mass of AA (72.06 g · mol -1 ); V NaOH is the volume of NaOH solution (mL); C NaOH is the concentration of NaOH solution (mol · L -1 ). Meanwhile, graft efficient (GE) is determined by the following equation:
GE = (weight of the monomers grafted/ weight of the monomers added) ×100% (3)
Characterizations -FTIR and GPC analysis FT-IR spectra were measured by Nicolet Magna-IR 750 (US) spectrophotometer (KBr).
Molecular weights (M n and M w ) and molecular weight distribution (M w /M n ) were determined by high-temperature gel permeation chromatography (GPC) measured at 150 o C using a PL-GPC220 gel column (US) and tetrahydrofuran as eluent. The calibration was made by polystyrene standard.
Determination of gel content
Gel content of the products was determined according to ASTM D2725 as follows: 0.5000 g product was weighed exactly and packaged in 120 mesh nickel net. Then, the product was extracted with xylene for 12 h in Sohxlet extracter. Finally, it was dried in a vacuum oven at 50-60 °C until constant weight and the final weight was recorded. Gel content (GC) was calculated by the following equation: 
Where w and 0 w were the weight of the product after and before Sohxlet extraction, respectively.
Thermal properties
Differential scanning calorimetry (DSC) was conducted on a NETZSCH DSC204F1 (Germany) instruments under a nitrogen atmosphere. The polymer samples (about 9mg) were heated from -70 o C to 150 o C, nitrogen fluxing rate was 50 mL · min -1 . Thermogravimetric analysis (TGA) was conducted with a Pyris Dismond TG/DTA instrument (US) under nitrogen at a heating rate of 10 °C· min -1 from 50 °C -700 °C, sample mass was about 5 mg, nitrogen fluxing rate is 100 mL· min -1 .
Mechanical Property
The tensile test was carried out with GOTECH AI-7000M Universal Testing Machine (China). The tensile rate was 10 mm/min , carried out at 23 o C. Reported values were the average values of five individual measurements.
